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a b s t r a c t 

In many insects, the larval environment is confined to the egg-laying site, which often leads to crowded larval con- 

ditions, exposing the developing larvae to poor resource availability and toxic metabolic wastes. Larval crowding 

imposes two opposing selection pressures. On one hand, due to poor nutritional resources during developmental 

stages, adults from the crowded larval environment have reduced investment in reproductive tissues. On the 

other hand, a crowded larval environment acts as a cue for future reproductive competition inducing increased 

investment in reproductive tissues. Both these selection pressures are likely affected by the level of crowding. 

The evolutionary consequence of adaptation to larval crowding environment on adult reproductive investment 

is bound to be a result of the interaction of these two opposing forces. In this study, we used experimentally 

evolved populations of Drosophila melanogaster adapted to larval crowding to investigate the effect of adaptation 

to larval crowding on investment in reproductive organs (testes and accessory glands) of males. Our results show 

that there is a strong effect of larval developmental environment on absolute sizes of testes and accessory glands. 

However, there was no effect of the developmental environment when testis size was scaled by body size. We 

also found that flies from crowded cultures had smaller accessory gland sizes relative to body size. Moreover, 

the sizes of the reproductive organs were not affected by the selection histories of the populations. This study 

highlights that adaptation to two extremely different developmental environments does not affect the patterns of 

reproductive investment. We discuss the possibility that differential investment in reproductive tissues could be 

influenced by the mating dynamics and/or investment in larval survival traits, rather than just the developmental 

environment of the populations. 
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. Introduction 

Among many other factors of the juvenile environment, two factors

hat can directly affect adult reproductive fitness are a) nutritional re-

ources and b) environmental cues for future reproductive competition.

rowded larval environments are characterized by high competition for

esources and the accumulation of toxic excretory waste (urea) in the

nvironment ( Botella et al., 1985 ). In a crowded larval culture, on one

and, poor nutritional resources will reduce the nutritional uptake of the

rganism leading to a smaller body size ( Mirth and Shingleton, 2012 )

nd a hence smaller absolute investment in reproductive tissues. On the

ther hand, an increased number of larval competitors in a crowded

nvironment can act as a cue for increased levels of reproductive com-

etition that an adult male will face ( Bretman et al., 2016 ). In many

olometabolous insects, the allocation of resources and the development
Abbreviations: MB, Melanogaster baseline population; MCU, Melanogaster crowde
✩ Larval crowding and reproductive investment, reproductive tissues. 
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f various tissues that affect adult reproductive fitness happens in the

re-adult stages. Therefore, if male larvae can perceive the risk of future

eproductive competition based on the larval density, and accordingly

llocate resources to the development of various reproductive tissues,

hey are likely to have a fitness advantage ( Liu et al., 2021 ). Therefore,

he evolution of adult reproductive traits under crowded larval environ-

ents is likely to be affected by the two conflicting factors: available

utrition and competitive cues. 

Multiple studies have addressed the hypothesis that larger testis size

either as an evolved increase in size or a plastic increase in size) is

dvantageous in the face of increased sperm competition. Larger testis

ize has been shown to be associated with higher levels of sperm com-

etition at a cross-species level ( Lüpold et al., 2020 ). In Drosophila ,

hile testis size is known to evolve in response to extreme female bi-

sed operational sex ratio ( Reuter et al., 2008 ) and enforced monogamy

 Pitnick et al., 2001 ), both, multigenerational experimental evolution
d as larvae uncrowded as adults. 

 December 2021 

ticle under the CC BY-NC-ND license 

https://doi.org/10.1016/j.cris.2021.100027
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cris
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cris.2021.100027&domain=pdf
mailto:prasad@iisermohali.ac.in
https://doi.org/10.1016/j.cris.2021.100027
http://creativecommons.org/licenses/by-nc-nd/4.0/


R. Kapila, S. Poddar, N. Meena et al. Current Research in Insect Science 2 (2022) 100027 

s  

e  

i  

u  

i  

i  

T  

a  

s  

(  

s  

D  

d  

t  

d  

s  

l  

s  

t

 

p  

W  

g  

t  

t  

L  

s  

(  

a  

e  

m  

s  

c  

T  

m  

fl  

g  

t  

(  

d  

l  

p  

s  

t  

e  

s  

l  

l  

i  

f

 

o  

fi  

a  

m  

M  

w  

e  

l  

o  

S  

d  

l

 

a  

a  

o  

t  

l  

m  

e  

e  

p  

u

 

t  

o  

m  

e  

r  

p

 

m  

v  

t  

 

a

 

l  

g

 

f  

t  

d  

r

2

 

m  

i  

a  

(  

c  

i  

d  

t  

g  

o  

o

 

a  

a  

t  

s

2

 

a  

(  

d  

l  

a  

a  

t

 

 

c  

p  

(  
tudies ( Crudgington et al., 2009 ; Chechi et al., 2017 ) and a single gen-

ration study ( Bretman et al.,2016 ) have found that testis size does not

ncrease with increased levels of sperm competition. Similalry in C. mac-

latus , no evidence of increase in testis size was found in males evolv-

ng in male biased populations ( McNamara et al., 2016 ). Other stud-

es have explored plasticity in testis size in relation to larval density.

he effect of larval density on plastic investment in testis size is vari-

ble across species, with some studies showing increase in body size

caled ( Gage, 1995 ; Stockley and Seal, 2001 ) and absolute size of testis

 Johnson et al., 2017 ), and other studies showing smaller absolute testis

ize ( Liu et al., 2021 ) in the males grown under higher larval density. In

. melanogaster , the testes size of males grown under high and low larval

ensity are not different from each other ( Bretman et al., 2016 ). Addi-

ionally, in D. melanogaster ( Bangham, Chapman and Partridge, 2002 )

id not find a correlation between testis size and pre or post copulatory

uccess of males. Thus, the evidence for the fitness advantage of the

arger testis size (either in terms of evolved size or a plastic increase in

ize) in relation to increased sperm competition is equivocal and is likely

o depend on a lot of factors that vary between species and contexts. 

In many insect species, along with the testis, the accessory glands

lay a significant role in determining male fitness ( Hopkins, Avila and

olfner, 2018 ). The seminal proteins of males, secreted by accessory

lands, can manipulate the physiology of the reproductive tract and

he behavior of females in a way that confers a fitness advantage to

he male in post-copulatory competitive scenarios ( Baldini et al., 2012 ;

eopold, 1976 ; Wolfner, 1997 ). In Drosophila , males with larger acces-

ory glands mate more often than males with smaller accessory glands

 Bangham, Chapman and Partridge, 2002 ) as they can potentially have

ccess to enough resources (possibly through a larger pool or differ-

ntial rate of use or replacement of resources) to re-mate often and

aintain high reproductive success for longer. In contrast, males with

maller accessory glands resources refrain from mating frequently be-

ause they can suffer a courtship cost without fertilization benefits.

he positive association between the size of accessory glands and the

ating rate of males is also found in other species like the stalk-eyed

ies ( Baker et al., 2003 ). While some studies have found that accessory

lands evolve to be larger in response to increased male-male compe-

ition ( Crudgington et al., 2009 ), others did not find this relationship

 McNamara et al., 2016 ; Reuter et al., 2008 ; Chechi et al., 2017 ). Ad-

itionally, it is also known that males of Drosophila when grown at low

arval density (hence larger body size) produce more of two key seminal

roteins: sex peptide and ovulin, than males grown at high larval den-

ity; whereas, small males transfer more stored seminal proteins than

he large males ( Wigby et al., 2016 ). However, to the best of our knowl-

dge, only one study has looked at the effects of larval crowding on the

ize of accessory glands, and found that D. melanogaster males from high

arval density have larger accessory glands compared to males from low

arval density ( Bretman et al., 2016 ), presumably in anticipation of the

ncreased reproductive competition that the adult males are likely to

ace. 

To summarize, while there are studies suggesting a fitness advantage

f bigger testis and accessory glands for males, the overall evidence for

tness benefits of bigger testis/accessory glands is equivocal. Addition-

lly, while we know a lot about the strategies used in the adult environ-

ent ( Bretman et al., 2009; Friberg, 2006; Garbaczewska et al., 2013;

aggu et al., 2021; Nandy and Prasad, 2011; Rouse and Bretman, 2016 ),

e know less about plastic investment strategies in the developmental

nvironment. Interestingly, since both testis and accessory glands, just

ike other reproductive traits, are likely to be costly and trade-off with

ther important life-history traits ( Hosken, 2001; Scharf et al., 2013;

chwenke et al., 2016 ). It is possible that under resource-limiting con-

itions, the size of one organ may potentially trade-off with the other,

eading to complex effects on male reproductive fitness. 

There are two important issues to note about all the studies that have

ssessed the effect of larval density on adult reproductive tissue size: (a)

ll these are single generation studies and hence yield an understanding
2 
f the phenotypic correlation between larval density and adult reproduc-

ive tissue size and (b) in all these studies, resources were not severely

imiting and thus the effects seen are likely that of density alone (and

ay not include the effects of resource limitation, toxic metabolic wastes

tc. that usually accompanies increased larval density). Therefore, the

volution of resource investment into reproductive tissues in males of

opulations that experience larval crowding every generation is not yet

nderstood. 

A recent experimental evolution study showed that adaptation

o a larval crowding environment leads to the correlated evolution

f increased pre-copulatory behavior in populations of Drosophila

elanogaster ( Shenoi et al.,2016 ). However, little is known about the

volution of investment in reproductive tissues of males as a correlated

esponse to adaptation to the poor developmental environment in these

opulations. 

In the present study, we use eight populations of Drosophila

elanogaster , four of which are adapted to high-density crowded lar-

al environments for more than 165 generations, and the other four are

heir low larval density controls. We addressed the following questions:

1. How does resource allocation to reproductive organs (testes and

ccessory glands) of males change with a change in the larval density? 

2. What are the evolutionary consequences of adaptation to crowded

arval environments in terms of resource-allocation to reproductive or-

ans in males? 

We have quantified the size of testes and accessory glands as a proxy

or investment in reproductive tissues. In our experiment, we measured

he size of the reproductive organs of males of two different ages: 4-

ays old and 9-days old. These specific ages were selected due to their

elevance to the maintenance regime of these populations. 

. Materials and methods 

This study involved eight laboratory populations of Drosophila

elanogaster , four of which are selected for adaptation to larval crowd-

ng, namely: MCU (Melanogaster Crowded as larvae, Uncrowded as

dults: 1-4) and the remaining four are their respective controls MB

Melanogaster Baseline controls: 1-4) which are adapted to normal (un-

rowded) larval densities. These populations are the same as described

n ( Shenoi et al., 2016 ). The MB and MCU populations were originally

erived in the laboratory of Professor Amitabh Joshi and were provided

o us in February 2011, at which point they had undergone over 75

enerations of selection. These populations were maintained in our lab-

ratory for more than 165 generations before beginning the current set

f experiments. 

Each selected population (MCU 1-4) was derived from its respective

ncestral MB population (i.e., MCU 1 was derived from MB 1 and so on)

nd maintained as a separate population. MCUs connected to MBs by

he same replicate numbers are their direct descendants and are used as

tatistical blocks representing ancestry in analyses. 

.1. Population maintenance regime 

All eight populations (MB 1 – 4 and MCU 1 – 4) are maintained on

 21-day discrete generation cycle on standard cornmeal-charcoal food

food recipe is detailed in supplementary materials); at 25°C (24: 0 light:

ark period) and 50% humidity on a 21-day generation cycle. The popu-

ations (MCUs = Melanogaster Crowded as larvae, Uncrowded as adults;

nd MBs = Melanogaster Baseline, uncrowded as larvae, uncrowded as

dults) were named according to the larval and adult densities at which

hey were maintained. 

Briefly, the maintenance regime of MCUs is the same as MBs except:

1- Every generation, in MCUs, 800 eggs are collected in 1.5 ml of

harcoal-cornmeal food as compared to 60 eggs in MBs in 6ml of food

er vial. Because of crowding, food runs out in MCUs vials in 3-4 days

hence larval competition because of crowding). It is noteworthy that
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ood is not re-filled in the vials once it runs out, and larvae continue to

evelop in the foodless vial. 

2- Every generation, 24 vials of 800 eggs are collected per popula-

ion in MCUs (19,200 eggs per block) as compared to 40 vials of 60

ggs (2,400 eggs per block) in MBs. Since there is tremendous pre-adult

ortality in MCU and almost zero pre-adult mortality in MB, the adult

opulation size in both regimes is close to 2,400 every generation. 

3- Because of crowding, the eclosion pattern of adults changes and

preads over 10 days, hence from day 8 onwards, eclosing adults of

CUs are transferred into a cage daily till day 18, to avoid any adult

rowding. Whereas for MBs, since there is no crowding in vials, all the

dults eclose by day 12 post egg collection, and hence they are trans-

erred to cages on day 12 as described above. 

.2. Standardization and generation of experimental flies 

To remove any non-genetic parental effects ( Rose, 1984 ) all the pop-

lations were standardized for one generation, where they were sub-

ected to similar relaxed conditions before using them for experiments.

he ‘relaxed conditions’ are the conditions where there is no selection

ressure of larval crowding on both the selected and control popula-

ions. For the process of standardization, eggs are collected from the

elected and control populations at a density of 300 eggs per 40-50 ml

f food in four different bottles. On day 10 post egg collection, when

ll the adults from the culture eclose, flies from all the four bottles of

 population are transferred into a Plexiglas cage (24 cm x 19 cm x

4 cm) containing a Petri-plate of cornmeal-charcoal food and wet ab-

orbent cotton for maintaining a high humidity level. Therefore, for each

tandardized population, we have a total of approximately 1200 flies.

gg collection for the experiments was done from the standardized flies.

hirty-six hours before experimental egg collection, a food plate with ad

ibitum yeast paste was given. A 6-hour egg-laying window was given

o standardized flies fed with yeast for experimental egg collection. 

For our experiments, both selected and control populations had two

reatments: 

1. The high-density (HD) treatment had 600 eggs per vial containing

 ml of food. 

2. The low-density (LD) treatment had 60 eggs per vial containing 6

l of food. 

It is noteworthy that in our assays, we have used 600 eggs per vial

s the high-density treatment for both the crowding adapted (MCU) and

he control (MB) populations. During usual maintenance, MCU popula-

ions are held at a density of 800 eggs per vial. Using this density was

ecessary because MB population larvae do not survive to adulthood if

rown at 800 eggs per vial density. Therefore, in the high-density assay

onditions, the MCUs were under slightly lower density compared to

heir normal maintenance. 

Larval crowding and adaptation to crowding affect development

ime by increasing the variation and decreasing the mean in D.

elanogaster populations ( Santos et al., 1997 ). Therefore, egg collection

or different populations and treatments was done on different days to

nsure that all the adults were of the same age post-eclosion on the

ay of the experiment. By staggering the egg collection to match adult-

ge across treatments and collecting all the flies eclosing out of HD

ultures, we ensured that there is no bias in our sampling because of

evelopmental-time-induced body size variation. Separate egg collec-

ion was done for each assay; i.e., flies for dissection of accessory glands

nd testes at different ages came from different sets of egg collection

one specifically for that assay. 

During the regular maintenance cycle, on day 18 th post egg collec-

ion, when the flies are about 8-9 days old as adults, flies are provided

ith yeast paste supplement along with their normal charcoal-cornmeal

ood. The 48-hour long yeasting period is followed by an 18-hour egg

ollection period. Eggs laid by flies only during these 18 hours are

sed for the next generation. Additionally, from our previous studies

 Shenoi et al., 2016 ) and unpublished data, we know that the yeasting
3 
vent on day 18 post egg collection marks the peak in reproductive activ-

ties in these populations. Therefore, in this study, we sampled the males

rom a day before the reproductive peak period (4-day old adults), and

 day that falls within their reproductive peak period (9-day old adults).

.3. Testis dissection 

By the 9 th day post egg collection, in the high larval density treat-

ent (HD), adults start to eclose. These adults were transferred into the

lexiglas cages (12 cm x 11 cm x 11 cm) with enough food and a non-

rowded environment daily. Whereas flies from low larval density (LD)

reatments were transferred into the cages on day 12 post egg collection.

he protocol of transferring HD files in cages daily and transferring LD

ies into cages 12-day post egg collection is a standard procedure used

n larval crowding related studies to ensure that there is no crowding or

esource limitation in adult stages ( Nagarajan et al., 2016 ; Sarangi et al.,

016 ; Shenoi et al., 2016 ). The maintenance of experimental flies was

one mimicking the maintenance regime of our larval crowding selected

MCU) and larval crowding control (MB) populations. Until the day of

ssay, flies were maintained in the cages and were provided with a fresh

ood plate and moist cotton every alternate day. On the day of the ex-

eriment, in separate assays, 4-day old and 9-day old adult males were

andomly sampled from the cages and were transferred into food vials.

hortly after that, a virgin female from an ancestrally related population

details of the population are described in the supplementary material)

as introduced into the vial, and mating was observed for an hour. Since

tudies have shown that the mating status of males has an impact on the

ize of their testis and accessory glands in Drosophila ( Linklater et al.,

007 ; Hopkins et al., 2019 ), by observing single mating, we ensured

hat all the males were of the same ‘non-virgin’ mating status in our

ssays. Throughout the experiment, just like the regular maintenance

egime of the stock, all the flies were kept at 25°C, 60–80% RH, 24-hour

ight regime. Males that mated were frozen and kept at -20°C until the

issections were done. Freezing the males does not affect the size of

heir reproductive tissues ( Chechi et al., 2017 ). From the frozen males,

andomly chosen 20 males per population and density treatment were

issected for every block. Before dissection, all the frozen males were

aken out from -20°C to be thawed and brought to 25°C. Dissections were

one under a compound microscope (Leica MC120HD, Leica Microsys-

ems GmbH, Wetzlar, Germany) and photographed at 40 × using the

ttached digital camera connected with Leica Stereo Zoom Microscope

M 205C, Leica Microsystems GmbH, Wetzlar, Germany). From every

issected male, an image of the testes and the left-wing was taken. All

he testes were dissected on a glass side in 1x PBS solution, and were

ncoiled completely using fine forceps before imaging. 

.4. Accessory gland dissection 

Similar to testis dissection, in separate assays, 4-day old males and

-day old males were randomly sampled from the cages and kept at -

0°C until the dissections were done. All the dissection was done in 1x

BS, on a glass slide under a compound microscope (Leica MC120HD,

eica Microsystems GmbH, Wetzlar, Germany) and was photographed

t 40x zoom using the attached digital camera connected with Leica

tereo Zoom Microscope (M 205C, Leica Microsystems GmbH, Wetzlar,

ermany). Thirty males per population and density treatment were dis-

ected for every block. 

Testes in Drosophila melanogaster are heavily coiled structures. To

easure their area, it was necessary to uncoil them completely. The

rocess of uncoiling the testes at times could lead to damage of accessory

lands of the sample. Therefore, we dissected separate flies for testis and

ccessory gland dissections. The samples that were improperly dissected

r were not imaged properly were not used for further analysis. A final

ount of the samples analyzed for each treatment per block is mentioned

n the supplementary material (Supplement Table S3 and Table S4). 
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Table 1 

Summary of three-factor mixed model ANOVA with selection and density treatment as fixed factors crossed with random 

blocks on the absolute area of testis (a) 4 days old males (b) 9 days old males. Significant terms are marked with ‘ ∗ ’ sign. 

(a) (b) 

SS DF MS F p SS DF MS F p 

Intercept 42.05 1 42.05 522.47 0.01 24.12 1 24.12 1812.5 0.01 

Selection 0.01 1 0.01 0.01 0.95 0.01 1 0.01 0.96 0.41 

Density treatment 2.1 1 2.1 539.43 0.01 ∗ 0.66 1 0.66 75.46 0.01 ∗ 

Block 0.25 3 0.09 19.61 0.53 0.05 3 0.02 1.18 0.43 

Selection × Density treatment 0.01 1 0.01 0.08 0.81 0.01 1 0.01 0.04 0.86 

Selection × Block 0.03 3 0.01 1.03 0.5 0.02 3 0.01 3.13 0.19 

Density treatment × Block 0.02 3 0.01 0.42 0.76 0.03 3 0.01 6.7 0.08 

Selection × Density treatment × Block 0.03 3 0.01 2.97 0.04 0.01 3 0.01 0.92 0.44 

Error 0.77 243 0.01 0 0 0.31 213 0.01 0 0 
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.5. Measurement of the testis, accessory gland area, and wing size 

NIH Image J version 1.50b was used to measure the area of testes and

ccessory glands, and length of the wing. An image of a standard stage

icrometer (1 mm) glass slide was taken before imaging each organ

ount at the same magnification (40 ×). The micrometer image served

s a reference for the organ (for absolute length/pixels). Each image

as analyzed manually by outlining the tissue using the ‘Polygon selec-

ions’ tool in image J. The area enclosed was then measured using the

Measure’ option provided under the ‘Analyze’ section of Image J. For

ing size, we used the ‘Straight line’ tool in image J to join the anterior

nd posterior end of the longest vein of the wing. The selected length

as measured using the ’Measure’ option provided under the ‘Analyze’

ection of Image J (see Fig. S2 and Fig. S3 of the supplementary mate-

ials for stepwise images of how the measurement was done). The area

f each organ was measured twice by an observer who was blind to the

reatments. The average of the two measurements was taken and was

sed as the unit of analysis. For wing size, the length of second longi-

udinal vein was measured twice from the anterior crossvein to the end

f the vein, and the average of both the readings was taken. For both

ccessory gland and testis, we calculated two types of area: 1) Absolute

ize, 2) Body normalized size. The values obtained from the average of

wo measurements of the area of organs was called the ‘Absolute size’

f that organ, whereas the area of an organ obtained by dividing the

bsolute size with the square of wing size for each sample was called

he ’Scaled size’ of that organ. 

. Statistical Analysis 

Three-factor mixed-model ANOVA was used to analyze the absolute

rgan area and normalized organ area using selection regime and den-

ity as fixed factors crossed with block as a random factor. All analyses

ere done at = 0.05 level of significance, using Statistica for WIN-

OWS, version 10. Multiple comparisons were done using Tukey’s HSD

ost-hoc test. 

Since the experiments for different ages were done from a different

et of flies on different days, the data across ages were not compara-

le. Therefore, in all our analyses, the data of each age were analyzed

eparately. 

. Results 

We collected data separately for the two ages to see if the effect of

he selection history and larval density on MCUs and MBs at 4-days old

ales was similar to the difference between the two populations at 9-day

ld males. Our results suggest that at both ages, the effect of selection

istory and larval density treatment was similar ( Fig. 1–4 ) ( Table 1–4 ).

In both the ages, there was no significant effect of selection regimes

s both absolute and body size scaled area of the testis ( Table 1 and 2 )

 Fig. 1 and 2 ) and accessory glands ( Table 3 and 4 ) ( Fig. 3 and 4 ) were

imilar in males of MCU and MB populations. 
4 
Additionally, for both the ages, we found a significant effect of lar-

al density treatment on the absolute area of the testis ( Table 1 ) ( Fig. 1 )

nd accessory gland size ( Table 3 ) ( Fig. 3 ), with males from low larval

ensity treatment having bigger testis and accessory gland size than the

ales from high larval density treatment. When the absolute areas of

estes and accessory glands were scaled for body size, we did not find

he effect of larval density treatment on the area of the testes ( Table 2 )

 Fig. 2 ). In contrast, the males of high larval density treatment had a sig-

ificantly smaller body size scaled area of accessory glands than those

rom low larval density treatment ( Table 4 ) ( Fig. 4 ). This result sug-

ests that in both selected and control populations, the proportion of

nvestment of resources in testis does not change with change in a lar-

al growth environment, whereas the proportion of investment of re-

ources in accessory glands is dependent on the resources available to

he organism during larval stages. 

We also measured the wing length of males as a proxy for their body

ize. We found a significant effect of larval density treatment on wing

ength at both ages. Males from low larval density treatment had a bigger

ing length than males from high larval density treatment. Moreover,

or the data collected from flies of ‘testis size of 4-days old males’ assay,

e found a significant effect of selection with MCU flies having a sig-

ificantly smaller wing length than MB flies. For other assays as well,

lthough the effect of selection was not significant, there was always a

rend of MCU flies having smaller wing length than MB flies (Supple-

ent Table S1 and Table S2 and Supplement Fig. S1). 

. Discussion 

This study aimed to understand the effect of a single generation of

arval crowding environment and the evolutionary consequence of adap-

ation to larval crowding environment on the investment in reproduc-

ive organs in males of Drosophila melanogaster . To that end, we used

opulations of Drosophila melanogaster adapted to high-density larval

nvironments and their low-density controls. Our results suggest that re-

ources available during developmental stages have an impact on male

nvestment in reproductive tissues but adaptation to larval crowding

nvironment does not lead to the evolution of increased investment in

eproductive tissues in males. We measured reproductive investment in

ales of two ages- one was before their reproductive peak (4-day old

dults), and the other age fell within their reproductive peak period

9-day old adults). Our results suggest that at both ages, the effect of

election history and larval density were similar. 

In holometabolous insects, the absolute sizes of internal organs are

imited by the size of the exoskeleton, and the adults that eclose from

arval culture with poor nutrition have smaller body size as compared

o adults eclosing from larval cultures having good nutrition ( Mirth and

hingleton, 2012; Poças et al., 2020 ). As expected, we observed the ef-

ect of larval density treatment on the absolute size of reproductive tis-

ues, with males from high larval density treatment having a smaller

bsolute size of reproductive organs. Additionally, in contrast to a pre-
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Figure 1. Effect of selection and density treatment on the area of testis (mean + /- 95%CI). x-axis represents populations. (a) absolute area of testis of 4 days old 

males, (b) absolute area of testis of 9 days old males, HD and LD represents high larval density and low larval density, respectively. N = Sample size, P -value of 

selection × density treatment interaction. 

Table 2 

Summary of three factor mixed model ANOVA with selection and density treatment as fixed factors crossed with random 

blocks on body size scaled area of testis (a) 4 days old males (b) 9 days old males. Significant terms are marked with 

‘ ∗ ’ sign. 

(a) (b) 

SS DF MS F p SS DF MS F p 

Intercept 5.91 1 5.91 1471.5 0.01 3.54 1 3.54 4652.2 0.01 

Selection 0.01 1 0.01 2.14 0.25 0.01 1 0.01 0.14 0.74 

Density treatment 0.01 1 0.01 2.66 0.21 0.01 1 0.01 1.54 0.31 

Block 0.02 3 0.01 1.51 0.37 0.01 3 0.01 0.42 0.76 

Selection × Density treatment 0.01 1 0.01 2 0.26 0.01 1 0.01 0.01 0.96 

Selection × Block 0.01 3 0.01 2.79 0.22 0.01 3 0.01 1.81 0.33 

Density treatment × Block 0.01 3 0.01 1.89 0.31 0.01 3 0.01 5.38 0.11 

Selection × Density treatment × Block 0.01 3 0.01 0.72 0.55 0.01 3 0.01 1.32 0.28 

Error 0.25 243 0.01 0 0 0.05 213 0.01 0 0 

Table 3 

Summary of three factor mixed model ANOVA with selection and density treatment as fixed factors crossed with random 

blocks on absolute area of accessory glands (a) 4 days old males (b) 9 days old males. Significant terms are marked with ‘ ∗ ’ 

sign. 

(a) (b) 

SS DF MS F p SS DF MS F p 

Intercept 36.36 1 36.36 139.24 0.01 62.36 1 62.36 314.37 0.01 

Selection 0.13 1 0.13 2.43 0.22 0.07 1 0.07 2.01 0.26 

Density treatment 3.28 1 3.28 165.63 0.01 ∗ 4.89 1 4.89 110.58 0.01 ∗ 

Block 0.79 3 0.27 5.31 0.15 0.6 3 0.2 2.93 0.15 

Selection × Density treatment 0.16 1 0.16 7.32 0.08 0.01 1 0.01 0.07 0.82 

Selection × Block 0.16 3 0.06 2.42 0.25 0.1 3 0.04 4.28 0.14 

Density treatment × Block 0.06 3 0.02 0.95 0.52 0.14 3 0.05 6.12 0.09 

Selection × Density treatment × Block 0.07 3 0.03 5.71 0.01 ∗ 0.03 3 0.01 1.39 0.25 

Error 1.42 387 0.01 0 0 2.05 392 0.01 0 0 

v  

h  

g  

b  

l  

t  

o  

o  

2  

h  

t  

r  

o  

i  
ious study ( Bretman et al., 2016 ), we observed a negative effect of

igh larval density treatment on the absolute size of testis and accessory

lands size. Bretman et al. (2016) suggest that the positive relationship

etween larval density and adult body size in their study is because the

arvae in their high-density treatment perceive greater risk of competi-

ion in their adult stage and invest more in body size and reproductive

rgans. In our study, the high-density treatment had 600 larvae per 2 ml
5 
f food, while the high-density condition in Bretman et al. (2016) had

00 larvae per 8 ml food. Therefore, in our study, even if larvae would

ave perceived the high-density as a cue for increased future reproduc-

ive competition, there were not enough resources available in the envi-

onment to increase their investment in reproductive organs. However,

ther reasons like the difference in the genetic makeup of the flies used

n both the studies could be possible for the observed differences in the
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Figure 2. Effect of selection and density treatment on testis area (mean + /- 95%CI). x-axis represents populations in all the graphs. a) body size scaled area of testis 

of 4 days old males, b) body size scaled area of testis of 9 days old males, HD and LD represent high larval density and low larval density, respectively. N = Sample 

size, P -value of selection × density treatment interaction. 

Table 4 

Summary of three factor mixed model ANOVA with selection and density treatment as fixed factors crossed with random 

blocks on body size scaled area of accessory glands of (a) 4 days old males (b) 9 days old males. Significant terms are 

marked with ‘ ∗ ’ mark. 

(a) (b) 

SS DF MS F p SS DF MS F p 

Intercept 4.68 1 4.68 267.03 0.01 8.21 1 8.21 653.19 0.01 

Selection 0.03 1 0.03 4.42 0.13 0.02 1 0.02 4.78 0.12 

Density treament 0.13 1 0.13 73.66 0.01 ∗ 0.11 1 0.11 21.16 0.02 ∗ 

Block 0.06 3 0.02 2.79 0.23 0.04 3 0.02 1.52 0.32 

Selection × Density treatment 0.01 1 0.01 2.89 0.19 0.01 1 0.01 0.28 0.64 

Selection × Block 0.02 3 0.01 3.9 0.15 0.02 3 0.01 8.81 0.06 

Density treatment × Block 0.01 3 0.01 1.05 0.49 0.02 3 0.01 11.8 0.04 

Selection × Density treatment × Block 0.01 3 0.01 4.2 0.01 ∗ 0.01 3 0.01 0.74 0.53 

Error 0.15 387 0.01 0 0 0.23 392 0.01 0 0 
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esults of our study and Bretman et al. 2016 . Overall, our results show

hat there is a negative effect of larval crowding environment on the

bsolute area of reproductive organs of males from both selected and

ontrolled populations. 

A previous study on the same populations showed that these pop-

lations have evolved increased pre-copulatory courtship behavior

 Shenoi et al., 2016 a). We assessed if selection had favored individ-

als with increased investment in adult reproductive tissues as well.

owever, we did not see any effect of selection history on the size of

eproductive tissues in these populations. There are at least three non-

utually exclusive reasons that can explain the observed pattern of in-

estment in the larval-crowding adapted populations (MCU) and control

opulations (MB) populations: (a) our crowding treatment poses a threat

o larval survival and therefore promotes increased investment in larval

urvival traits as opposed to increased investment in adult reproductive

issues, (b) similar mating dynamics across selected and control pop-

lations in the adult stages led to similar investments in reproductive

issues in these populations, (c) greater investment in pre-copulatory

raits in our crowding adapted populations prevents greater investment

n reproductive tissues. These reasons are discussed in detail below: 

a) Investment in larval survival traits may preclude increased

nvestment in reproductive tissues 
6 
Our crowding-adapted populations go through a larval crowding

nvironment every generation. Only 70-100 larvae out of 800 larvae

er vial survive till the adult stage in these populations. Therefore, at

everely high larval density, when survival is at stake, individuals with

ncreased investment in larval survival traits might have a fitness ad-

antage. Accordingly, several previous studies on our larval crowding

dapted populations and related crowding-adapted populations have

hown that larvae of these populations have greater pre-adult survivor-

hip compared to the control populations. They also show a correlated

volution of several survival-related traits such as increased urea toler-

nce, increased feeding rate, decrease in the amount of minimum food

equired for pupation, etc ( Nagarajan et al., 2016; Sarangi et al., 2016 ).

herefore, such increased investment in larval survival-related traits

ay be selected in these populations even if such investments preclude

reater investment in adult reproductive tissues. Additionally, extreme

arval crowding limits adult body size and may therefore directly limit

he evolution of the size of adult reproductive tissues. 

b) Similar mating dynamics across selected and control popula-

ions may promote similar investment in reproductive tissues 

Using D. melanogaster , Reuter et al (2008) simultaneously varied

ale mating rate and sperm competition by creating three different op-

rational sex ratios regimes - Equal (1 female to 1 male), intermediate
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Figure 3. Effect of selection and density treatment on the area of accessory glands (mean + /- 95%CI). x-axis represents populations. (a) absolute area of accessory 

glands of 4 days old males, (b) absolute area of accessory glands of 9 days old males, HD and LD represent High larval Density and Low larval Density, respectively. 

N = Sample size, P -value of selection × density treatment interaction. 

Figure 4. Effect of selection and density treatment on the area of accessory glands (mean + /- 95%CI). x-axis represents populations. (a) body size scaled area of 

accessory glands of 4 days old males, (b) body size scaled area of accessory glands of 9 days old males, HD and LD represents high larval density and low larval 

density, respectively. N = Sample size, P value of selection × density treatment interaction. 
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L  
emale bias (4 female to 1 male) and extreme female bias (10 female to 1

ale). Males in the extreme female-bias regime had higher mating rate

nd were more sperm limited compared to the other two regimes. After

8 generations of evolution, males in the extreme female-bias regime

volved larger testis size compared to the other two regimes (which did

ot differ amongst themselves). This indicates that male mating rate and

perm limitation can drive the evolution of testis size. In our crowded

nd uncrowded populations, sex ratios are equal. From previous pub-

ished ( Shenoi et al., 2016 ) and unpublished results (see supplementary

nformation for details of observation protocols followed for these exper-

ments), we know that the mating frequencies are similar in both MCU

nd MB populations ( ∼ 1 mating per female over the span of 36-hour

bservation period). Therefore, the absence of difference in testis and ac-

essory glands size across both populations can probably be attributed

o the absence of difference in mating frequencies in larval crowding
7 
dapted populations and the control populations. Thus, despite of adap-

ation to extremely different developmental environments, we did not

ee any difference in investment in reproductive organs between these

opulations. However, it is important to note that other factors that in-

uence sperm competition like a female’s sperm storage capacity and

he level of sperm displacement could also have a substantial effect

n post-copulatory competition faced by the males of these populations

nd, therefore, their investment in reproductive tissue. However, at this

oint we do not have any data about sperm storage or displacement in

hese populations. 

c) Greater investment in pre-copulatory behavior may prevent

nvestment in reproductive tissues 

Trade-offs between pre- and post-copulatory traits have been

eported several times across various insect systems ( Katsuki and

ewis, 2015 ; Simmons and Emlen, 2006 ; Yamane et al., 2010 ). It is
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rgued that since both types of traits require intensive resources, it is

eneficial for an organism to invest in either pre- or post-copulatory

raits, depending on the mating dynamics. From previous experiments

one on the same populations ( Shenoi et al., 2016 ) we know that the

ourtship activity of crowding-adapted males is 10% higher than the

ourtship activity of the control populations. Given that larval crowd-

ng decreases adult body size and therefore limits available bodily re-

ources, it is possible that increased investment in pre-copulatory traits

n the crowding-adapted populations does not allow increased invest-

ent in adult reproductive tissues. 

Since the sizes of male reproductive organs are directly affected by

he body size of the organism, we scaled the absolute sizes of these or-

ans with their body sizes to get an estimate of investment in repro-

uctive tissues irrespective of body sizes. We found that the effect of

arval density treatment was observed only in accessory glands of males

nd not in testes. This result suggests that in both selected and control

opulations, the proportion of investment of resources in testes does not

hange with change in larval growth environment, whereas the invest-

ent in accessory glands is dependent on the resources available to the

rganism during their juvenile stages. The observed result could be be-

ause of one of two non-mutually exclusive reasons: (a) It is possible

hat increased investment in accessory glands is important to maintain

ncreased fitness. However, the diverse protein composition of the ac-

essory glands’ secretion may require a greater investment of resources

o maintain large accessory glands, and due to severe lack of resources in

he developmental environment in our study, the males were not able

o maintain bigger accessory gland size. This would also suggest that

he amount of resources needed to maintain secretions of the accessory

lands is probably greater than the amount of resources needed to main-

ain the secretion of the testis, which makes accessory gland size sensi-

ive to the larval growth environment unlike testis size, (b) Maintaining

estis size is relatively more important to fitness than maintaining ac-

essory gland size. However, our data cannot distinguish between these

wo possibilities. 

While our study has uncovered the evolution of adult traits in the

rowding adapted populations, it is difficult to dissect out the indi-

idual selection pressures that are responsible for their evolution. In-

eed, larval crowding is expected to be a fairly complex selection pres-

ure. As larvae grow in a resource-limited larval crowding environment,

he nutritional resources in the environment are replaced by the toxic

aste generated by the growing larvae. Therefore, as shown in dif-

erent sets of studies, crowded larval environment can select for lar-

al traits such as increased competitive ability ( Mueller et al., 1988;

agarajan et al., 2016 ), increased efficiency of conversion of food to

iomass ( Sarangi et al., 2016 ), tolerance to metabolic wastes in the en-

ironment ( Joshi, 1997 ), reduced food requirement to complete devel-

pment ( Nagarajan et al., 2016 ) etc. It is possible that these larval traits

re genetically correlated with each other and with various adult fitness-

elated traits. Additionally, it is also known that poor larval growth con-

itions can directly affect adult fitness related traits (such as body size).

herefore, larval crowding can affect the evolution of adult traits both

irectly as well as indirectly. However, given the (a) complex nature of

he selection in a crowded larval environment, (b) possible genetic cor-

elations between various larval fitness-related traits, and (c) correla-

ions between larval and adult traits, it is indeed difficult to disentangle

he individual selection pressures and their consequent trait responses. 

Our results add to the body of literature about the factors affecting

nvestment in reproductive tissue. Previous studies suggest that invest-

ent in both testis and accessory gland (measured as size) is affected

y both developmental environment and the evolutionary history of

he organism. In many species increased density during developmen-

al stages has been shown to increase the body size scaled size of the

estis ( Gage, 1995 ; Stockley and Seal, 2001 ) and absolute size of testis

 Johnson et al., 2017 ), and both, body size scaled and absolute size of

he accessory gland ( Bretman et al., 2016 ) (but see Liu et al., 2021 ).

his has typically been explained as a result of the larvae perceiving
8 
he future risk of male-male competition and diverting investment into

eproductive tissues accordingly. However, our results suggest that the

elationship between larval density and adult reproductive tissue size

s probably much more complex and can be mediated through larval

esource availability. It is possible that the investment in reproductive

issues in response to larval density follows an inverted U-shaped rela-

ionship. At the lower end of the larval density scale, when resources are

ot limiting, with an increase in larval density, resources are diverted

owards reproductive tissues. However, at the higher end of the larval

ensity scale, resources become limiting (like in our study). Therefore,

t such densities, investment in reproductive tissues is likely to be small.

ur results also suggest that relative investment in different kinds of re-

roductive tissues might be affected by the available resources and the

ossible influence of that particular tissue on overall fitness. 

. Conclusion 

While single generation studies suggest that there is the effect of de-

elopmental environment on investment in adult reproductive organs,

ur results show that adaptation to two extremely different developmen-

al environments does not affect the size of male reproductive tissues in

opulations of Drosophila melanogaster . We suggest that the evolution of

nvestment into reproductive tissues as a consequence of adaptation to

 crowded larval environment could be governed by a balance between

ncreased investment in larval survival traits, mating dynamics of the

ystem, and the resources available to the developmental stages. 
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